Accidents increase during the first rain after a long dry period due to the accumulation of fine particles, which contaminates the road surface and induces a friction loss. This paper presents new experimental evidences that help to understand how the particulate contaminants lubricate the tire-road interface. A laboratory test method is developed to reproduce the deposit of contaminant particles on the road surface and measure the friction coefficient on dry and wet contaminated surfaces. Test protocol is described with respect to the contaminant collection, the spreading of contaminant particles on the road specimen and their compaction to simulate the effect of the traffic, the wetting of the test surface to simulate precipitations, and the friction measurement. Friction tests are conducted in dry and wet conditions (by adding successive known quantities of water). Results show that dry particles can induce friction loss and the friction coefficient of dry contaminated surfaces is always lower than that of a dry and clean surface. The dry lubrication mechanism is attributed to shearing and sliding of the particle layer. Water induces first a significant friction drop, attributed to the viscosity of the particles-water mixture, then a friction increase due to a washing effect. Weight analysis shows a tight relationship between the friction coefficient and the mass of contaminants (particles in dry condition and particles-water mixture in wet conditions). There is a minimum in the friction versus water weight variation. Interpretation is made by considering fine particles as a wet granular material. Discussions are made with respect to the influence of particle concentrations and surface texture.
Introduction
Road accident statistics have pointed out that crash rates increase sharply when it rains after a dry period. 1 Studies of runoff water 2 show on the other hand that pollutants accumulate during a dry period and the accumulation rate depends on elapsed time since the last rain. Pollutants are defined as fine particles and contaminants from various sources (air-deposited substances, road surfaces, industrial activities, etc.) and it has been recognized that road surfaces are the most significant source of pollutants in stormwater. 2 In parallel, friction measurements under wet conditions on roads 3, 4 show that the friction coefficient decreases when the quantity of dust on the road surface increases. There would be then a link between the accumulation of fine particles on road surfaces and the tire-road friction loss under wet conditions. The related phenomenon is known as the ''summer ice'' phenomenon.
In a previous paper, 5 attempt was made to reproduce the summer ice phenomenon in laboratory. This research was motivated by the fact that observations have been made on roads and laboratory tests would help to better understand the involved mechanisms and the interaction between influential factors. First results have shown some promising trends, mainly the possibility to reproduce the friction drop when water is mixed with fine particles, but also improvements that are still needed with respect to the test protocol to better reproduce actual conditions such as rain events. Experiments have been then continued under dry and wet conditions (including the drying phase) and new findings have been obtained thanks to newly added analyses such as particle flows at the tire-road interface. The purpose of this paper is to report, through these new experimental evidences, works that have been done since.
Background
Eisenberg 1 analyzed the relationship between precipitation and traffic crashes between 1975 and 2000 in the United States and found a significantly increasing crash risk with the number of days since the last rain. Data showed that if 21 days had elapsed since last rainfall, the likelihood of a crash being fatal was three times greater than if only 2 days had elapsed since last rainfall. Wilson 4 cited bibliographic sources (the earliest dates back to 1936) illustrating how the surface friction varies over a rain period after a dry period. The measured friction coefficient significantly drops immediately at the first rain drops then increases until reaching a stable value. As the rain stops and the surface dries, friction value increases to a level similar to that measured prior to the rain event.
The maximum transmissible friction force depends upon the characteristics of the tire and the pavement surface and the presence of any substance on the contact area between tires and the pavement surface. 6 In dry conditions, clean road surfaces have high skidding resistance thanks to direct contact between the tires and the road surface. When the road surface becomes slightly wet, there is a sharp reduction in the coefficient of friction due to the presence of a water film acting as a lubricant between the tire and road surface. Kulakowski and Harwood 7 reported that even a water depth as thin as 0.025 mm on the pavement can reduce the tire-road friction by as much as 75% compared with a dry surface. These authors, as many other in the road field, attribute friction loss to the sole action of water. Yet, Li et al. 8 found that the presence of solid particles is more critical for surface friction than the presence of water. Persson et al. 9 attributed the drastic friction reduction when rain begins to the high viscosity of the mixture between water and road debris. Egodawatta et al. 10 showed on the other hand that runoff water can wash-off particles deposited on the road. However, part of these particles remains on the road and the residual fraction varies primarily with the rainfall intensity and the particle characteristics. Most statistics on road particulate contaminants are related to the particle size distribution which depends on the land use. Egodawatta 11 observed the distribution of the size of particles in three urban areas and found that 50% (respectively 70%) of the particles are less than 100 mm (respectively 200 mm) in size whereas Sartor et al. 2 found only 43% of the particles less than 246 mm for the same type of site. Ball et al. 12 found 10-30% of particles smaller than 200 mm in a suburban area in Sidney. Few statistics exist for highways. Shakely et al. 3 collected particles by vacuum and found mainly particles bigger than 50 mm followed by the fractions 7-50 mm and 3.3-7 mm.
Particles act by means of their composition, morphology, texture, etc. 8, 13 On dry floors covered by particulate contaminants, Mills et al. 13 found that there is a critical size of the particles (around 50-60 mm) above which particles roll one on the other, when a rubber pad slides on the floor, and below which they tend to stick together due to cohesive forces and promote a sliding mechanism at the rubber slider-floor interface. The roughness of the floor's surface can trap a proportion of particles and, by preventing particles passing over the surface asperities, contributes to the shearing of the particle layer. After Mills et al., 13 the minimum roughness required to induce a shearing mechanism is R z ¼ 15-20 mm (R z is the maximum height of a profile). Above this limit, these authors said that round particles can roll easily whereas ''square'' particles tend to enhance an interlocking effect. The effect of particle shape would be then significant only when the shearing of the particle layer is a predominant mechanism. Even if it is well known that particle shape affects the shear strength of granular materials, 14 no quantitative result has been found with respect to the effect of particle shape on friction of contaminated surfaces. The same observation is made regarding the effect of the particle composition. The absence of literature on this topic might be due to the fact that particle composition, even collected at the same location, can vary considerably over time. 4 As a matter of fact, it would not be easy to build an experimental design based on particle constituents to analyze their effect on friction.
Research methodology
The state-of-the-art presented in the previous section, though not exhaustive, shows that even if it is commonly accepted that the presence of particles on road surface can have a negative impact on road friction, knowledge is still needed to understand how particles lubricate the tire-road interface in dry and wet conditions. Also, water is recognized as harmful for road friction but in the same time it can help to remove particles from the road. Finally, accidents are recorded at the first rain after a dry period but the transition from dry to wet needs to be more investigated.
The research conducted and presented in this paper includes friction tests on contaminated surfaces in dry and wet conditions to better identify the respective roles of dry particles and their mixture with water. Comparison between dry and wet tests would also help to quantify the friction variation when a dry surface receives progressively added water. A new analysis approach, inspired from Fillot et al., 15 is introduced to assess the particle quantity at the tireroad interface. It is hoped that the analysis of this tribological circuit (with the tire and the road as first bodies and the particles as third body) would provide some new insights into the lubrication mechanisms.
Experimental program

Test sample
The test sample is an aluminum rectangular slab of 130 mm Â 80 mm Â 15 mm (surface of 130 mm Â 80 mm & 0.01 m 2 ). The slab dimensions are required by the device used for friction measurements (see ''Friction measurement'' section). The choice of aluminum to represent a road surface can seem to be surprising. Actually, the test protocol (see ''Test procedure'' section) requires weighing of the test sample before and after friction measurements to determine the quantity of particles at the rubber slider-sample interface. As the maximum weight allowed by the weighing machine is limited, aluminum is chosen for its low weight. Different surface treatments were then sought to reproduce a surface roughness similar to that of road surface microtexture (surface irregularities whose dimensions are below 0.5 mm horizontally and vertically). The microtexture scale is studied because it is responsible for the generation of frictions forces 6 and is masked by the deposited particles. 4 Photos of the sandblasted aluminum surface and an aggregate surface are shown respectively in Figure  1 (a) and (b). Roughness parameters of the aluminum sample are compared to those of a road aggregate (limestone) and presented in Table 1 . It can be seen that the roughness of the sandblasted aluminum is similar to that of an aggregate polished by the traffic. Details of the 3D cartography measurement and analysis, as well as definitions of the roughness parameters (ISO 25178-2 16 ), are given in the Appendix. Based on the scanning electron microscopic (SEM) images and roughness parameters, it can be said that the sandblasting process can create a microtexture comparable to that of a road aggregate. We are aware that, due to their composition, aluminum and aggregates can induce different contact conditions (intermolecular forces, wettability, etc.). However, the priority was given first in this study to surface roughness with the hope to clarify the so-called ''masking effect'' mentioned in the road literature. Actually, it is widely accepted 4 that the road surface microtexture is covered by dust in summer and washed in autumn; this is the reason why monthly friction measurements display fluctuations with lowest values in summer. Based on the findings by Mills et al., 13 one can expect that the masking effect is related to trapped particles and could be explained by interactions between surface roughness and particle characteristics.
Particles collecting and characterization
Particles are collected at the catchment area of Chevire´near Nantes. This area collects runoff water coming from the South part of the Chevire´bridge (Figure 2 ). This bridge of more than 1.5 km in length crosses the Loire river and supports a daily traffic of 90,000 vehicles with 8.5% of trucks.
Catchment area is less representative in terms of sampling area for the collecting of particles deposited on the road surface, than the road surface under traffic. However, the collecting is easier to carry out as there is no need to close road lanes. Attempts were nevertheless made (as practiced in Wilson 4 ) to collect particles by brushing a dry road surface and collecting the particles using a high-power vacuum cleaner. However, the collected quantity is too small (few milligrams for a surface of 1 m 2 ) for the needs of the experiments. Sediments are first sampled as shown in Figure 3 (a). The sediments are then oven dried in laboratory at 40 C for 4 days. Sieving is then performed to keep only particles smaller than 100 mm. The choice of fine particles is justified by the fact that coarse fractions are either not fixed on the road surface or crushed by the traffic and so only fine particles, which ''stick'' to the road surface, would have an effect on skid resistance. The influence of particle size is still an open question and will be part of future investigations. An SEM visualization of the particles in their final state (ready for use) is shown in Figure 3 To analyze the composition of the particles (Figure 4 (a)), a total attack method was performed. 17 The dried specimens are calcined at 450 C then immersed in a hot (160 C) mixed HF and HClO 4 acid solution. After evaporation, the residue is digested with HNO 3 solution then filtered and reduced to a total volume of 100 mL using ultrapure water. The inductively coupled plasma optical emission spectrometry (ICP-OES) was used to determine the trace and heavy elements content in the samples.
For silicon, the total attack is replaced by an alkaline fusion with lithium tetraborate.
Particle size measurement was carried out using low angle laser light scattering with a Malvern Instruments Ltd. A refractive index of 1.53 was used for particles. Results are shown in Figure 4 (b).
The above analyses would be exhaustive if particles could be collected from the road surface next to the catchment area and analyzed as well. However, this operation needs to close traffic lanes and, as the Chevire´bridge is highly trafficked, it was not feasible. As no data are available with respect to the characteristics of particles collected directly on roads, comparisons can be made only with the literature. Chemical analysis shows that the particles of the present study are mainly composed of silica which is a hard mineral. The presence of Na, K, and Mg can be explained by industrial sites located next to the Chevire´bridge. In terms of size distribution, values at 10%, 50%, and 90% are respectively 12.7 mm, 43.8 mm, and 92.3 mm. These values are higher in the fine part and lower in the coarse part than those found on particles collected directly from the roads (respectively 5.8 mm, 22.3 mm, and 112.1 mm). 4 The size range (difference between particles' size at 10% and 90% thresholds) of the present study -79.6 mm -is, however, comprised in that of reference [4] (106.3 mm).
Particles deposit and compaction
Three quantities of dry particles are used: 0.1 g, 0.2 g, and 0.4 g. In terms of the concentration (with a surface of 0.010 m 2 ), they represent respectively 1 mg/cm 2 , 2 mg/cm 2 , and 4 mg/cm 2 . The quantity of 0.2 g is first chosen because the surface covered by the particles is similar visually to road surfaces after a long dry period ( Figure 5 (c)); the two other quantities are then chosen as lower and higher limits. The chosen concentrations are similar to those encountered in the literature. For urban streets, particle concentrations vary from 2 to 5.5 mg/cm 2 in Vaze and Chiew 18 and from 1 to 3.5 mg/cm 2 in Deletic and Orr. 19 Spreading of particles on the test surface is done manually (Figure 5(a) ). The particles are then compacted manually (simulation of vehicular traffic) by means of a small wheel mounted on a metallic arm ( Figure 5(b) ). This method can seem to be rudimentary. However, other methods were tested and the manual compaction provided the most homogeneous particle layer. Specimens are subjected to repeated passes (60 passes) of the wheel. Care is taken to apply as much as possible the same wheel pressure to obtain a homogenous distribution of the particles.
Simulation of precipitation
Description of the rain simulator. A rain simulator was developed to better control the quantity of water projected on the sample surface. It consists of a rectangular chamber (53 cmÂ53cmÂ100cm) with an aperture for the introduction and positioning of the sample and a nozzle placed on the vertical wall to project water droplets (less than 50 mm in size) (Figure 6(a) ). The nozzle (Figure 6(b) ) is connected to a pump which maintains a constant water flow.
The developed system can simulate light rains which should enhance the effect of the particles. Indeed, under heavy rains, particles are washed off rapidly and their effect on road friction is negligible. 1 Heavy rains induce yet other risks like aquaplaning, which is out of the scope of this paper.
Calibration of the rain simulator was carried out to determine the best position for the sample and the duration of exposure to water projection. Results of calibration tests are presented in the next section. Calibration of the rain simulator. The horizontal tray of the chamber, on which specimens are placed, is divided into nine areas numbered from 1 to 9 ( Figure 6(a) ). Circular cups of 50 mm in diameter are placed at the center of each area and water is projected during 60 s. The pump is then cut off and each cup is weighed. An equivalent water depth is deduced by dividing the water volume by the cup surface. The protocol is repeated five times and the water depth statistics (mean and coefficient of variation -ratio standard deviation/mean) are calculated for each position (Figure 7) .
It was found that positions 3 and 9 present similar water depths and the lowest coefficient of variation, which is 6% and 7% respectively. Position 3 was chosen based on the facility of introducing and removing the samples. The mean water depth on this position is 0.105 mm for 60 s of exposure.
From the above described tests, it was deduced that about 9 s of exposure are necessary to obtain 0.015 mm of water depth (average value obtained by means of a manual method 5 ); to simplify the test execution, 10 s are chosen. Tests are then conducted with the sample used for friction tests (aluminum slab, see section ''Test sample'') and positioned at point 3. The sample is exposed during 10 s and weighed. The protocol is repeated 5 times. The obtained water depth is 0.015 mm in average with a coefficient of variation of 7%. This new test series validates then the chosen position for the sample (no. 3) and the exposure duration (10 s).
Friction measurement
Friction is measured by means of the so-called skid resistance tester pendulum (Figure 8 ). This device was originally designed by the Road Research Laboratory 20 as an easily-transported static device to make spot-checks on road surfaces, and is widely used throughout the world; a European standard exists to specify the test conditions. 21 It contains, at the end of its articulated arm, a rubber pad that slides on the surface to be measured. The pendulum arm is locked in a horizontal position and the road surface is thoroughly wetted. The arm is then released and allowed to swing freely, being caught by the operator on the backswing after it has reached its maximum height. The maximum height of the pendulum rise is identified by a needle positioned in front of a scale directly graduated to show readings of ''friction coefficient measured by the pendulum''. Friction sliders are provided by the Pendulum builder and made of CEN rubber with hardness (IRHD) of 55 (see ECS 21 for specified characteristics). They are wrapped in an opaque envelope and stored in a fridge until the day of testing. Before each test series, the friction slider is subjected to five releases on a surface composed of aggregates. This operation helps to remove the sharp edge of the slider prior to testing the test surfaces.
Test procedure
The test procedure ( Figure 9 ) is divided into steps: -Step 0: friction measurement on dry-clean surface;
weighing of the sample at dry-clean state. -Particles are deposited and compacted; weighing of the sample at dry-contaminated state. -From step 1, the operator choose between dry and wet tests: . Dry tests: friction measurement on dry-contaminated surface; weighing of the sample after friction measurement. Repeat the tests until three successive values of the friction coefficient do not differ more than AE 0.01. End of dry tests. . Wet tests: water is projected during 10 s; weighing of the sample before friction measurement; friction measurement on wet-contaminated surface; weighing of the sample after friction measurement. Repeat the tests until three successive values of the friction coefficient do not differ more than AE 0.01. Switch to the drying phase. -Drying phase (wet tests only): the sample is dried during 60 s at ambient temperature; weighing of the sample before friction measurement; friction measurement on drying-contaminated surface. Repeat the tests until three successive values of the friction coefficient do not differ more than AE 0.01 or the measured friction coefficient is higher than 1. End of wet tests.
Weighing is performed by means of a Sartorius Cubis Õ machine with a reading precision of 0.001 g. During the drying phase, samples are dried at ambient temperature. The drying time of 60 s was chosen empirically to follow the drying phase on a reasonable period. Different drying times (from 30 s to 5 min) were tested and it was found that 60 s allow enough water to evaporate while enabling to have 4 to 5 points corresponding to the drying phase on the friction-time plot.
The sample is cleaned at the end of each test series by brushing of the sample surface under water and ultrasonic cleaning in a water bath for 2 min. Then the sample is dried at ambient temperature during at least 2 h before a new test series.
Due to the contaminant (dry particles or their mixture with water) flows, the state of the sample surface evolves with friction runs. Friction measurement is then done once (without repetition) at each step. The friction slider is wiped after each friction run to remove particles that accumulate at the slider edge. A new rubber slider is used for each test series and it is weighed at the beginning and the end of each test series.
Results
Friction measurements
Scatter between test series. As it takes half a day to complete a test series (due mainly to the time needed to completely dry the sample after cleaning), it was not feasible to repeat all test configurations. Nevertheless, to assess the scatter of the measurements, some test configurations were repeated. Results from these configurations (Figure 10) show that values of the friction coefficient at every step are very repeatable (coefficient of variation -ratio standard deviation/mean -less than 4% at each step for the example in Figure 10 ). These results allow to be confident in the repeatability of the tests and to analyze the entire test program with only one repetition per test configuration.
Dry tests. The friction evolution in dry condition is presented in Figure 11 . The friction coefficient of contaminated surfaces (steps i; i 5 1) is always lower than that of a clean surface (step 0). For a given initial particle concentration, friction is lowest at the beginning then increases progressively with increasing number of slider passes. However, further passes do not help to recover the value of a clean surface. The influence of particle concentrations is visible during Figure 9 . Test procedure. the first steps: higher particle concentration induces lower friction values. After step 10 ( Figure 11) , there is no more difference-in terms of friction coefficient-between the three tested concentrations.
Wet tests. The friction evolution in wet conditions is presented in Figure 12 . As in the case of dry friction, friction of contaminated surfaces is lower than that of a clean surface and, for a given initial particle concentration, friction is lowest at the beginning then increases progressively with increasing number of slider passes. However, the friction evolution is not as regular as in the dry case and can be divided into three phases: a rapid increase (phase 1), a stable phase (phase 2) and another rapid increase (phase 3). For a concentration of 1 mg/cm 2 , phase 1 ends at step 2 whereas it lasts at step 5 for concentrations of 2 and 4 mg/cm 2 . Phase 2 is the longest and last at around step 10 for the three particle concentrations. Duration of phase 3 is less precise because friction tests are stopped as soon as the friction coefficient is more than 1. From Figure 12 , there seems to be no clear link between the end of phase 3 and the particle concentrations. Unlike the case of dry tests, friction value at the end of phase 3 can be as high as that of a clean surface.
Weight analysis
Weighing of the rubber slider shows that its mass loss during a test series is negligible (few milligrams) compared with the mass of the particles and their mixture with water. Weighing of the sample at the beginning/ end of each tests series shows that its weight does not change. The quantity of detached particles from the two contacting bodies (slider and sample) is then negligible and it was assumed in the following paragraphs that the weight difference between a contaminated sample and the dry-clean sample represents only the mass of the contaminants.
It should be noticed that particles could remain on the sample or the slider. However, their weight is too small to be detected by the weighing machine. Further investigations are needed (for example by analyzing water collected from the ultrasonic cleaner after cleaning the sample or using SEM images of the slider) to clarify this point.
The analysis presented in the following paragraphs has been inspired from Fillot et al. 15 Even if the authors of this reference focused their analysis on wear, we have thought that the idea of quantifying the flows of particles detached from the two contacting bodies or introduced artificially would be promising to understand how the particles behave at the rubber slider-sample interface (formation of interfacial layer, ejection, etc.)
Relation between friction and mass
Weighing (see protocol in Figure 9 ) helps to extract the mass of contaminants before and after the friction tests. Definitions adapted for the mass analysis are presented in Table 2 .
The evolution of friction coefficient is now shown together with the evolution of the mass of contaminants in Figure 13 for dry and wet surfaces with an initial particle concentration of 2 mg/cm 2 . It can be seen that the friction coefficient and the mass of contaminants evolve in opposite directions. Under dry conditions (Figure 13(a) ), the decrease of the mass of particles is due to particles ejected outside the sample by the slider and those stuck to the slider (these particles are visible-black spots-on the cloth used to wipe the slider after each friction run; see ''Test procedure'' section). For the moment, these flows are neglected in the analyses but could be part of further investigations in order to provide a comprehensive description of particles flows. Under wet conditions ( Figure 13(b) ), step 11 corresponds to the starting of the drying phase and the drastic decrease in the mass of mixture at step 12 is probably due to water evaporation. The substrate's surface is still wet at step 12 and drying is usually completed (by visual check) after 4-5 min. It is well known that, when water is added to a dry granular material, water bridges are created between particles and induce the formation of agglomerates. 22 If water is further added, the agglomerates are ''broken'' and the particles are dispersed. This process should apply to the case of particulate contaminants. Understanding the formation and the dispersion of particles' agglomerates would help to better understand the behavior of the mixture of water and particles. Further studies are required, for example using environmental scanning electron microscope to observe progressively wetted particles, to investigate this process. Figure 14 shows the relationship between friction and mass of contaminants for respectively dry and wet tests. In both cases, it can be seen that the friction coefficient decreases when the mass of contaminants increases. A remarkable result to notice is that data from the three tested particle concentrations follow the same ''master'' trend. Curve fitting was done for each particle concentration to relate friction coefficient to mass of contaminants and the same equations were found for the three concentrations. A unique equation is then used respectively for each test condition, giving 
The continuous lines in Figure 14 (a) and (b) represent respectively equations (7) and (8) . It can be seen that the fitting is satisfactory. Some scatters can be seen in the case of wet friction tests, mainly for concentrations of 1 and 2 mg/cm 2 . This point suggests that more care should be taken when weighing is done for small quantities of particles.
Comparison between dry and wet tests. The previous analysis helps to identify the role of the mass of contaminants in the evolution of friction on contaminated surfaces. However, the use of particles for dry tests and mixture of particles and water for wet tests does not enable to compare dry and wet friction behaviors. It is then necessary to estimate the mass of particles in their mixture with water. The main difficulty in doing this estimation is that weighing is done for the mixture and assumptions must be made to divide the total weight into water weight and particle weight.
The assumption used for the present study is that, for a given mixture, the particles' mass fraction remains constant before and after each friction measurement. Knowing the particles' mass fraction at step (i), the mass of particles at this step can then be calculated before and after friction measurement. The mass of particles after friction measurement at step (i) is then used to calculate the particles' mass fraction at step (i þ 1) and so on. Applying these assumptions, the particles' mass and mass fraction in the mixture are given in Table 2 . It can be noticed that equation (6) is a generalized form of equation (3) . Actually, in dry tests, the particles' mass fraction is always equal to 1 and the mass of particles after friction measurement at step (i À 1) is equally that before friction measurement at step (i). It is now possible to plot the variation of friction coefficient with mass of particles for dry and wet tests using respectively equations (3) and (6) . Figure 15 shows this comparison for an initial particle concentration of 2 mg/cm 2 (the same trend is observed for the two other concentrations). The natural logarithm scale was used for the X-axis because of very small estimated values of particles' mass for wet tests. It can be seen that the dry and wet data follow a kind of ''master'' curve showing a decrease of friction coefficient with increasing mass of particles. Interpretation of data related to particles' mass lower than 10 À3 g should be done with caution. Actually, this limit corresponds to what we can read on the weighing machine and values below this limit are only estimated.
Effect of water fraction. Following the analysis in the previous section, the mass of water in the particlewater mixture can also be estimated. Figure 16 presents the relationship between friction coefficient and mass of water. It can be seen, despite some scatters for mass of water higher than 0.2 g, that the friction coefficient decreases first with the water mass, reaches a minimum and increases again. Curve fitting was done for the three particle concentrations and the following equations were found y1 
To avoid congesting the figure, only the curve fitting of 2 mg/cm 2 concentration is shown in Figure 16 . A research of minimum for the three polynomial functions gives respectively 0.2 g, 0.19 g, and 0.21 g for the three particle concentrations.
Discussions
Experiments show that friction is reduced when the road surface is contaminated by fine particles. Beyond this evidence, these experiments reveal that friction values can be very low even when the surface is dry. This finding, even if it confirms the lubrication action of the dry particles-dust, powder, etc.-already studied in other fields, 13, 23 is relatively new in road field where reduction of tire-road friction is generally attributed to water. The lubrication mechanism is yet not clearly understood and some explanations are tentatively provided here. Mills et al. 13 mentioned three possible lubrication mechanisms depending on the size of the particles: below 50-60 mm in size, particles are densely packed and sliding is the main mechanism; above 50-60 mm in size, shearing in the particle layer can occur depending on the roughness of the substrate (sample) surface; and for coarse particles (> 500 mm in size), rolling is the main mechanism. As the size of the particles in the present study is less than 100 mm, it can be expected that the friction reduction is due to sliding and shearing mechanisms. The fact that the sample surface is rough (S q ¼ 13.9 mm, Table 1) can induce some particle trapping (probably those smaller than the surface's S q in size) by mechanical interlocking. There would be then at the beginning a shear effect and the initial layer of particles thins to the point where the rubber-surface asperity contact is restored. This mechanism can explain why friction starts from a minimum value (shearing mechanism) and then increases with successive passes of the rubber slider (sliding mechanism with partial contact between the rubber slider and the surface asperities). The trapped particles can also explain why the friction coefficient at the end of dry tests is lower than that of a clean surface.
In wet conditions, the friction evolution is more complex to interpret. The low value of friction coefficient at the first steps (step 1 for 1 mg/cm 2 and steps 1 and 2 for 2 and 4 mg/cm 2 , see Figure 12 ) is probably due to the mixture of particles and water, which is known as viscous (this viscosity is mentioned qualitatively in Persson et al. 9 and could not be measured in the present study). The friction increase in further steps is due to the washing effect of water which can be seen from two figures. Figure 15 shows indeed that for the same reduction in particles' mass (from 0.18 g to 0.05 g exactly), 10 passes (respectively 4) were needed in dry (respectively wet) conditions. Figure 12 shows on the other hand that the friction coefficient at the end of wet tests (after drying) can be as high as that of a clean surface. Figure 12 also shows the influence of initial particle concentration on the washing process. The washing process starts rapidly for a concentration of 1 mg/cm 2 (from step 2) whereas the friction increase is more progressive for concentrations of 2 and 4 mg/cm 2 . This trend is logical because the time needed to wash the particles should increase with the quantity of deposited particles. The assumed dry and wet lubrication mechanisms are illustrated in Figure 17 .
Water has two effects on the friction of surfaces contaminated by fine particles. The first effect is harmful for drivers because it induces a viscous lubricant, which reduces the tire traction. The second effect is more favorable because it removes the particles-by first dislocating them and then removing them by washing-and restores the friction value of a clean surface. Within the frame of the present study, there is a ''critical'' water mass which induces a minimum friction irrespective of initial particle concentration. This finding corroborates work conducted by Fall et al. 24 on sands. These authors attributed their observation to the cohesion of sand, which is considered as a granular material. Actually, adding water to a dry granular material can increase first their cohesion due the formation of water bridges between the particles then, when water saturates the space between the particles, decrease this cohesion. 22 The critical water mass would correspond to the point where the cohesion of the mixture is maximum and then the rubber pad slides on a rigid contaminant layer without any (or few) resistance due to heaping of particles. It should be noticed that the reasoning in Goldszal and Bousquet 22 and Fall et al. 24 is based on the volume concentrations whereas ours is based on mass concentrations. The determination of volumetric fractions requires sophisticated technics like X-ray tomography that we cannot do at the moment. Also, particles have been considered as a bulk. After Moller and Bonn, 25 the attractive capillary force between two particles also depends on the distance separating these particles, their surface roughness and their deformability; this dependence is significant when water is just added to the dry particles (beginning of phase 1; Figure 12 ) and when the particles are dispersed by water (end of phase 2; Figure 12 ). These authors showed that, by means of modelling, the water's volume fraction can help to take into account these effects: at very low volume fractions, the capillary force is dominated by the particle roughness; at high volume fractions, the capillary force is dominated by the curvature of the particles (considered as spheres in their model). Details of the model can be found in Moller and Bonn. 25 The above explanation must be verified by further experiments. Nevertheless, it points out that the study of the behavior of wet granular materials could be a possible approach to better interpret the experimental findings of the present study. Another finding that also needs a better interpretation-in terms of involved physical phenomenon-is the tight relationship between friction and contaminant weight. Graphs in Figure 15 must actually reflect the lubrication mechanisms in dry and wet conditions. However, it is not clear at the moment how to translate contaminants' mass in lubrication descriptors such as viscosity, thickness of lubricant layer, etc. Attempts were made, without success, to measure the viscosity of the particle-water mixture. The main experimental difficulty is to maintain a suspension as homogeneous as possible because the particles tend to settle rapidly. Investigations are underway to estimate this viscosity using models such as those developed for (non-)colloidal hard sphere suspensions. 26 Back to the initial problem (friction reduction due to a long dry period after previous rain), the experimental evidences presented in this study bring some new insights into the summer ice phenomenon. They confirm that adding water to a surface covered by dry particles can reduce significantly the friction coefficient ( Figure 12 ) and also show that, more surprisingly, friction is already low on the dry contaminated surface (Figure 11 ). Actually, minimum values of friction coefficient (Table 3) are almost similar between dry and wet states for a given particle concentration. Dry contaminated roads can be then as risky as wet ones.
The friction recovery mechanisms are nevertheless different on dry and wet surfaces. During a dry period, traffic can reduce the quantity of particles (environmental effects such as wind can contribute to the dispersion of particles as well) and restores direct contacts between the tires and the road surface. Depending on the road surface roughness (mainly its microtexture), proportion of particles can remain on the road surface and prevent the recovery of a dry and clean state. Under rain, the rapidity of washing action of water depends on the quantity of particles that accumulate during the dry period ( Figure 12 ). Depending on the rain intensity and duration, the road surface can be completely (or almost) washed and the friction coefficient can increase after rain to values higher than 1.
Conclusions
In this study, friction measurements were done on surfaces contaminated by fine particles. Tests were performed in dry and wet conditions with different particle concentrations. Compared with a previous exploratory study, the test rig was greatly improved especially to better control the quantity of water projected on the sample surface. The test protocol includes all phases involved in the variation of friction: dry phase (before rain), wet phase (during rain) and drying phase (after rain). Dry friction tests provided new findings in terms of friction variation. It was found that friction coefficient can be already low even when the road is still dry. It was thought that the lubrication action is mainly due to the shearing of the particle layer which thins until contact is made between the tire rubber and the road asperity. However, the road surface roughness can retain some particles, which prevent the restoration of the clean-surface friction.
Water can induce, at the first rain drops, a friction drop due the viscous mixture with fine particles. A minimum in the friction versus water weight variation is observed and attributed to an increasing cohesion between fine particles considered as a wet granular material. Further adding of water would have a positive effect because it removes particles by dislocating them from the surface troughs and washing them.
The weight analysis presented in this paper was inspired from the analysis of third body flows. Although our analysis is still rudimentary, it can be seen that it provides a good insight into the lubrication mechanisms and the influence of different factors. A refinement of this approach and further experiments involving other factors like the particle size or the surface texture would complete the promising results presented in this paper and help to better understand the summer ice phenomenon.
